ABSTRACT The NAD-dependent isocitrate dehydrogenase [threo-Ds-isocitrate:NAD+ oxidoreductase (decarboxylating); EC 1.1.1.41] from pig heart is a multisubunit enzyme with a molecular weight of approximately 340,000. Electrophoresis of the enzyme in 10% polyacrylamide gels containing sodium dodeeyl sulfate reveals two discrete bands with molecular weights of 41,000 and 39,000. The two bands exhibit approximately equal intensity when stained with Coomassie Blue, Amido Black, and Bromophenol Blue, suggesting that these polypeptide chains are present in equimolar quantities in the native enzyme. The same two-band pattern is observed when the sulfhydryl groups of the enzyme are blocked by alkylation with iodoacetate prior to electrophoresis, indicating that sulfhydryl oxidation is not responsible for the observed heterogeneity. Each of the subunits appears as a single band when eluted from the gel and again subjected to electrophoresis under the same conditions. Isocitrate dehydrogenase contains a total of 41 lysine and arginine residues per average subunit of 40,000 daltons. The observation of approximately 80 peptides upon paper chromatography and high voltage electrophoresis of tryptic digests of the enzyme is consistent with the existence of two distinct polypeptide chains. Dansylation yields two NH2-terminal amino acid derivatives: dansyl-phenylalanine and dansyl-alanine. It is concluded that the NAD-specific isocitrate dehydrogenase is composed of equal numbers of two nonidentica1subunits. The NAD-dependent isocitrate dehydrogenase [threo-Ds-isocitrate:NAD+ oxidoreductase (decarboxylating); EC 1.1.1.41] isolated from yeast, bovine heart, and porcine heart is a multisubunit enzyme with a molecular weight of approximately 300,000-340,000 (1-3). Polyacrylamide gel electrophoresis under denaturing conditions in sodium dodecyl sulfate (NaDodSO4) or urea in the presence of a reducing agent has been reported to yield a single band with a molecular weight of 39,000-40,000, suggesting that the native enzyme is composed of eight apparently similar subunits. The limited binding studies conducted with this enzyme reveal that there are only four NADH binding sites in the beef heart enzyme (4) and four isocitrate binding sites in the yeast enzyme (1). These results prompted us to investigate the question of whether the subunits in the enzyme are identical or dissimilar. This paper presents evidence demonstrating that the NAD-dependent isocitrate dehydrogenase isolated from pig heart is composed of two different subunits that are present in equimolar amounts in the native enzyme.
Amido Black, and Bromophenol Blue, suggesting that these polypeptide chains are present in equimolar quantities in the native enzyme. The same two-band pattern is observed when the sulfhydryl groups of the enzyme are blocked by alkylation with iodoacetate prior to electrophoresis, indicating that sulfhydryl oxidation is not responsible for the observed heterogeneity. Each of the subunits appears as a single band when eluted from the gel and again subjected to electrophoresis under the same conditions. Isocitrate dehydrogenase contains a total of 41 lysine and arginine residues per average subunit of 40,000 daltons. The observation of approximately 80 peptides upon paper chromatography and high voltage electrophoresis of tryptic digests of the enzyme is consistent with the existence of two distinct polypeptide chains. Dansylation yields two NH2-terminal amino acid derivatives: dansyl-phenylalanine and dansyl-alanine. It is concluded that the NAD-specific isocitrate dehydrogenase is composed of equal numbers of two nonidentica1subunits. The NAD-dependent isocitrate dehydrogenase [threo-Ds-isocitrate:NAD+ oxidoreductase (decarboxylating); EC 1.1.1.41] isolated from yeast, bovine heart, and porcine heart is a multisubunit enzyme with a molecular weight of approximately 300,000-340,000 (1) (2) (3) . Polyacrylamide gel electrophoresis under denaturing conditions in sodium dodecyl sulfate (NaDodSO4) or urea in the presence of a reducing agent has been reported to yield a single band with a molecular weight of 39,000-40,000, suggesting that the native enzyme is composed of eight apparently similar subunits. The limited binding studies conducted with this enzyme reveal that there are only four NADH binding sites in the beef heart enzyme (4) and four isocitrate binding sites in the yeast enzyme (1) . These results prompted us to investigate the question of whether the subunits in the enzyme are identical or dissimilar. This paper presents evidence demonstrating that the NAD-dependent isocitrate dehydrogenase isolated from pig heart is composed of two different subunits that are present in equimolar amounts in the native enzyme.
MATERIALS AND METHODS
Enzyme Purification. The NAD-dependent isocitrate dehydrogenase was purified from pig heart as described (5), except that in some cases 0.1 mM dithiothreitol and 0.1 mM ADP
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were added to all buffers used for dialysis and chromatography in order to increase the stability of the enzyme during the purification procedures. Enzyme activity was measured as described (6). Fig. 1 illustrates the elution pattern of protein and enzymatic activity from the cellulose phosphate column, which is the final step of purification. Enzyme of constant specific activity was obtained from fractions 34-40. The yield of enzyme is higher when the purification is conducted in the presence of ADP and the specific activity is 27-31 enzyme units/mg of protein, which is comparable to the highest values obtained in the absence of ADP. When this enzyme preparation is subjected to polyacrylamide gel electrophoresis under nondenaturing conditions at pH 7, it migrates as a major protein band with minor, more rapidly moving, bands. All bands appear to exhibit isocitrate dehydrogenase activity. As reported earlier (6) tained was repeatedly evaporated to remove salts and was subjected to descending paper chromatography for 13 hr on Whatman no. 3 MM filter paper using as solvent the upper layer of a butanol/acetic acid/water (4:1:5, vol/vol) mixture. The paper was dried, turned 900, and subjected to high voltage electrophoresis at 2.5 kV in pyridine-acetate buffer, pH 3.5 (41 mM in anion) for 65 min. The peptides were visualized by reaction with ninhydrin.
Analysis of Amino-Terminal Residues. The NH2-terminal amino acids of isocitrate dehydrogenase were determined by the dansyl chloride method after the enzyme (5-10 nmol) was dissolved in 8 M urea (8) . The dansylated protein was precipitated by the addition of 10% trichloroacetic acid, washed twice with 1 M HC1 to remove excess reagents, and hydrolyzed in 5.7 M HCI for 18 hr. The dansyl derivatives were identified by two-dimensional thin-layer chromatography on polyamide sheets (9) .
RESULTS AND DISCUSSION
The purified NAD-dependent isocitrate dehydrogenase of pig heart exhibits two closely spaced protein bands upon electrophoresis in 10% polyacrylamide gels containing NaDodSO4 (Fig. 2A) Fig. 2 . It thus appears that both polypeptide chains are intrinsic to the active isocitrate dehydrogenase molecule.
The molecular weights of the two subunits of NAD-specific isocitrate dehydrogenase may be determined by comparison of their mobilities with those of protein standards. A plot of the logarithm of the molecular weight of standard proteins against the migration distance reveals molecular weights of 41,000 for band I and 39,000 for band II.
One possible explanation for the appearance of two bands on the polyacrylamide gels might be that although the enzyme initially contained only one type of subunit, the conditions of the electrophoretic experiment in some way converted the enzyme into two discernible species. If this were the case, one might expect regeneration of the two bands upon re-electrophoresis under the same conditions of the isolated individual bands. In order to test this hypothesis, we labeled the protein with fluorescamine to facilitate detection of the bands on the gels without staining. It was separately determined that the fluorescamine treatment did not alter the mobility of the two bands. The individual bands from 12 replicate gels were cut and extracted by stirring for 2 hr in 2 ml of a solution containing 0.1% NaDodSO4. After concentration, the extracts were reelectrophoresed either individually or after mixing, as before. As can be seen from Fig. 2B , band I and band II each retained its characteristic mobility and the mixture of band I and band II yielded a pattern similar to that obtained with the original intact enzyme. This experiment demonstrates that the two bands observed do not result from an artifactual equilibration under the electrophoretic conditions of one type of subunit to generate two. Rather, it appears that the native enzyme contains two distinguishable polypeptide chains.
Another possible explanation for the appearance of two bands on electrophoresis might be that they represent the products of sulfhydryl oxidation, resulting in the formation of intrapeptide disulfide bonds which are not reduced by the treatment with dithiothreitol prior to electrophoresis. To examine this possibility we treated native enzyme first with 2-mercaptoethanol and then allowed it to react with iodoacetate in order to block all the free sulfhydryl groups. This carboxymethylated enzyme preparation exhibited the same two-band pattern seen in Fig. 2A sponsible for the appearance of two bands on the polyacrylamide gels.t
If isocitrate dehydrogenase were a glycoprotein, it might be possible to account for the discrete bands on the basis of the existence of a single parent polypeptide chain that is glycosylated to different extents. However, attempts to stain gels containing 10-15 ,tg of isocitrate dehydrogenase for carbohydrate using the periodic acid-Schiff base stain (12) were negative, although 5 ,ug of glucose oxidase (a known glycoprotein) was stained readily in gels run concurrently. Therefore it seems unlikely that the enzyme is a glycoprotein.
The most reasonable postulate, then, seems to be that isocitrate dehydrogenase is composed of two types of polypeptide chains that differ in amino acid composition and sequence. This hypothesis was tested by analyzing the peptides resulting from a tryptic digest of the intact NAD-dependent isocitrate dehyt After this work had been completed an abstract appeared (10) indicating that electrophoresis of the beef heart NAD-dependent isocitrate dehydrogenase in the Laemmli NaDodSO4 slab gel system revealed four polypeptide components with molecular weights in the range of 39,000-41,500. The same Laemmli NaDodSO4 gel system (11) has now been used in this laboratory for the electrophoresis of the pig heart NAD-specific isocitrate dehydrogenase. Enzyme that had been stored for several months yielded multiple protein bands; their intensities varied with the concentration of reducing agents used for treatment of the enzyme prior to electrophoresis. However, carboxymethylated enzyme still exhibited only two bands upon electrophoresis in the Laemmli system. We conclude that the extra bands observed by Rushbrook and Harvey (10) can be attributed to a variable oxidation of sulfhydryl groups under the conditions used for their electrophoretic experiments.
drogenase. Complete amino acid analysis of the pig heart enzyme shows that it contains a total of 41 lysine plus arginine residues per average subunit of 40,000 daltons (6) . If it is assumed that the enzyme consists of identical subunits, its tryptic map would be expected to yield a maximum of 42 peptides. In contrast, as can be seen in Fig. 4 Fig. 5 . The O-dansyltyrosine and E-dansyllysine that appear are the derivatives expected from reaction with the internal tyrosyl and lysyl residues, respectively, and the dansyl hydroxide is the residual decomposition product of dansyl chloride. Two fluorescent spots corresponding to two NH2-terminal amino acids are seen with approximately equal intensity: dansylalanine and dansylphenylalanine. No other derivatives were detected when different solvent systems were used. These results demonstrate the existence of two distinguishable polypeptide chains in this pig heart isocitrate dehydrogenase.
The NAD-dependent isocitrate dehydrogenase is an allosteric enzyme that is activated by ADP (13 
